In response to DNA damage, 53BP1 rapidly relocalizes to the sites of DNA lesions in a phospho-H2AX (γH2AX)- and MDC1-dependent manner[@R4]--[@R7]. 53BP1 is also recruited to the sites of DNA damage through a second mechanism that involves the binding of 53BP1's tandem tudor domains to methylated histones, with di-methylated H4K20 (H4K20me2) being the known physiological binding site for both mammalian 53BP1 and its yeast homolog Crb2[@R2],[@R3]. However, unlike H2AX phosphorylation, no increase of the total levels of H4K20me2 was observed following DNA damage[@R2],[@R3]. It is also not clear whether 53BP1 damage recruitment regulated by H2AX phosphorylation and H4K20 methylation are separate pathways or if they are interconnected. Studies from S. *pombe* showed that disruption of both H4K20 methylation and H2AX phosphorylation does not cause synergistic or additive effects on the DNA damage response, suggesting that they might function in the same pathway[@R8].

We examined H4K20 methylation at the sites of DNA damage using the cellular system (HeLa DR-GFP), in which expression of exogenous I-SceI introduces a single DSB in the cell's genome[@R9]. After I-SceI induction of DSBs, chromatin was immunoprecipitated from the cells using antibodies directed against mono-, di- or tri-methylated H4K20 (H4K20me1/2/3), and quantitative PCR was used to determine the relative abundance of H4K20me1/2/3 at the induced break sites, while standard PCR gave visual representation of the relative accumulation of these proteins at the DSB sites. Interestingly, H4K20me1/2/3 at the I-SceI break site all increased after DSB induction ([Figure 1a and b](#F1){ref-type="fig"}), as did H4K20me2 signal at the sites of DNA damage induced by laser irradiation ([Figure 1c](#F1){ref-type="fig"}). Consistent with previous reports, we did not observe apparent increase in total H4K20me2 levels[@R2],[@R3] by Western blot at commonly used IR doses ([Figure S1a](#SD1){ref-type="supplementary-material"}), but we did observe a notable increase following high doses of ionizing radiation (IR). This suggests that local increase of H4K20me2 at DSBs induced by low doses of IR is masked from detection by Western blotting due to the high basal levels of H4K20me2 occurring throughout the genome.

We next investigated how the increase of H4K20me2/3 was induced at DSBs. It has been proposed that SET8 is mainly responsible for H4K20me1[@R10],[@R11], which is required for subsequent di- and tri-methylation of H4K20. SUV4-20h1 and SUV4-20h2 are the major enzymes responsible for H4K20me2 and H4K20me3, respectively[@R12],[@R13]. However, despite Suv4-20h1/2 loss and the subsequent lack of most H4K20me2/3, 53BP1 accumulation at DSBs was not abolished and only slightly delayed[@R13]. We did not observe substantial accumulation of Suv4-20h1 at the DSBs, while small amounts of SET8 localized to the I-SceI site both prior to and after DNA cleavage ([Figure 1d and e](#F1){ref-type="fig"}). This suggests that other HMTs methylate H4K20 specifically at DSBs. Interestingly, we found that MMSET (also called WHSC1 or NSD2), a newly identified HMT[@R14]--[@R16], accumulated at DSBs ([Figure 1d, 1e](#F1){ref-type="fig"} and [S1b](#SD1){ref-type="supplementary-material"}).

Consistent with the results obtained from ChIP assays, MMSET formed discrete foci following IR, colocalizing with 53BP1 ([Figure 1f](#F1){ref-type="fig"}). MMSET has been shown to methylate H3K36, H3K27 and H4K20[@R14]--[@R16], while misregulation of MMSET due to haplo-insufficiency in Wolf-Hirschhorn syndrome[@R17], and by t(4;14) chromosome translocation in multiple myeloma (MM)[@R18],[@R19] suggests it has an important role in the pathogenesis of these diseases. However, the cellular function of MMSET is largely uncharacterized. Our results in [Figure 1d--f](#F1){ref-type="fig"} imply that MMSET plays a role in the DNA damage response. In support of this, downregulation of MMSET resulted in cellular hypersensitivity to IR ([Figure S1c](#SD1){ref-type="supplementary-material"}).

We hypothesized that MMSET regulates DNA damage response through H4K20 methylation at DSBs. As shown in [Figure 2a--b](#F2){ref-type="fig"} and [S2a--b](#SD1){ref-type="supplementary-material"}, downregulation of MMSET significantly decreased H4K20me2/3 at DSBs, but did not significantly affect H4K20me1 or H3K36 methylation at DSBs. We reasoned that if MMSET regulates H4K20me2 at DSBs, then MMSET should regulate the recruitment 53BP1 to DSBs. Indeed, we found that downregulation of MMSET significantly decreased DNA damage-induced focus formation of 53BP1, but not γH2AX, MDC1 or RNF8 which are upstream regulators of 53BP1 ([Figure 2c](#F2){ref-type="fig"}, [Figure S2c--d](#SD1){ref-type="supplementary-material"}). Furthermore, 53BP1 focus formation was defective in cells overexpressing a truncated MMSET (H929)[@R15], while in cells expressing full-length MMSET (KMS11), 53BP1 focus formation was unaffected ([Figure S2e](#SD1){ref-type="supplementary-material"}). Downregulation of 53BP1 did not affect MMSET focus formation ([Figure 2d](#F2){ref-type="fig"}), suggesting that MMSET is an upstream regulator of 53BP1. Importantly, downstream signaling events regulated by 53BP1, such as Chk2 phosphorylation[@R20], were impaired by downregulation of MMSET ([Figure 2e](#F2){ref-type="fig"}, [S2f](#SD1){ref-type="supplementary-material"}). To determine whether the MMSET methyltransferase activity is required for these processes, we mutated the critical residue (F1117) required for MMSET methyltransferase activity[@R15]. We reintroduced shRNA-resistant wild-type (WT) MMSET or MMSET-F1117A to cells stably transfected with MMSET shRNA. As shown in [Figure S2g--h](#SD1){ref-type="supplementary-material"}, while WT MMSET restored H4K20 methylation and 53BP1 recruitment to DSBs, MMSET-F1117A did not. These data suggest that MMSET methylates H4K20 at DSBs, which facilitates the subsequent accumulation of 53BP1.

Previous studies indicated that the accumulation of 53BP1 at the sites of DNA damage also requires H2AX and MDC1[@R4]--[@R7]. On investigation of this potential connection we found that MMSET accumulation at DSBs was significantly reduced in cells depleted of H2AX and MDC1 ([Figure 3a](#F3){ref-type="fig"} and [S3a](#SD1){ref-type="supplementary-material"}), as was H4K20me2 and the accumulation of 53BP1. Furthermore, MDC1 foci appeared earlier than those of MMSET, while MMSET foci formed earlier than those of 53BP1 ([Figure S3b](#SD1){ref-type="supplementary-material"}). Thus the accumulation of MMSET and the subsequent methylation of H4K20 and 53BP1 recruitment at DSBs appear to require H2AX and MDC1.

Previous studies also indicate that downstream of MDC1, the E3 ubiquitin ligase RNF8 regulates 53BP1 foci formation through its role in histone ubiquitination[@R21]--[@R23]. It is unclear whether RNF8 and MMSET regulate 53BP1 accumulation in parallel or in the same pathway. As shown in [Figure S4a](#SD1){ref-type="supplementary-material"}, downregulation of RNF8 did not affect MMSET recruitment and H4K20 methylation, although 53BP1 recruitment was compromised. In addition, downregulation of MMSET had no effect on the recruitment of RNF8 to DSBs or the ubiquitination of H2A at DSBs ([Figures 2c](#F2){ref-type="fig"}, [S2c and S4b](#SD1){ref-type="supplementary-material"}) suggesting that RNF8 and MMSET function in distinct pathways. Thus the mechanism through which RNF8 mediated ubiquitination events regulate 53BP1 recruitment remains to be determined. While investigating how the H2AX-MDC1 pathway regulates MMSET accumulation at DSBs, we found that MMSET interacted with MDC1 in a DNA damage-inducible manner ([Figure 3b](#F3){ref-type="fig"}). The interaction appeared specific to the MDC1-BRCT domain, as the BRCA1-BRCT domain and MDC1 BRCT domain mutant K1936M[@R24] was unable to interact ([Figure 3c](#F3){ref-type="fig"}, [S4c](#SD1){ref-type="supplementary-material"})).

Since BRCT domains recognize phospho-Ser/Thr motifs[@R25],[@R26], it is likely that MMSET is phosphorylated following DNA damage, thereby facilitating its interaction with MDC1. As shown in [Figure S4d](#SD1){ref-type="supplementary-material"}, MMSET was phosphorylated at ATM consensus SQ/TQ sites after IR. No phospho-SQ/TQ signal was detected in ATM-deficient MEFs or in samples treated with λ-phosphatase, suggesting that MMSET is phosphorylated in an ATM-dependent manner. A previous large-scale proteomic study demonstrated that Ser102 of MMSET is phosphorylated by ATM following DNA damage[@R27]. As shown in [Figure 3d](#F3){ref-type="fig"}, mutation at Ser102 abolished ATM-dependent MMSET phosphorylation following DNA damage, indicating that S102 is the major ATM phosphorylation site of MMSET. Furthermore, mutation at Ser102 abolished the MDC1-MMSET interaction ([Figure 3e](#F3){ref-type="fig"}), verifying that the phosphorylation of Ser102 is required for MDC1 binding. The MDC1-BRCT domain has been shown to bind phospho-139 (pS~139~QEY) of γH2AX, and a C-terminal Y at the +3 position is critical for the binding specificity, although E at +2 is also positively selected[@R24],[@R28]. The MMSET sequence following S102 is QEM, and does not contain Y at the +3 position. To further confirm the specificity of the MDC1-MMSET interaction we used peptides containing either S102 or pS102 to perform several assays. As shown in [Figure S4e](#SD1){ref-type="supplementary-material"}, phosphopeptides of MMSET preferentially pulled-down endogenous MDC1 from cell lysates. We further determined the binding affinity between MMSET peptides and the MDC1-BRCT domain using surface plasmon resonance. We found that the MDC1-BRCT domain preferentially bound MMSET phosphopeptides (Kd=893 nM), although with a lower affinity than it did γH2AX peptides (Kd=287 nM). No MDC1-binding was found for non-phosphopeptides of MMSET ([Figure 3f](#F3){ref-type="fig"}).

To investigate the functional significance of MMSET phosphorylation, we stably transfected HeLa-DR-GFP cells with MMSET shRNA, and reconstituted these cells with shRNA-resistant MMSET-WT or the MMSET-S102A mutant. As shown in [Figure 4a--b](#F4){ref-type="fig"} and [S5a](#SD1){ref-type="supplementary-material"}, MMSET-WT was recruited to DSBs, but the recruitment of MMSET-S102A was defective. This suggests that S102 phosphorylation and the MDC1-MMSET interaction are essential for MMSET accumulation at DSBs. Similarly, reconstitution of MMSET-WT, but not MMSET-S102A, rescued H4K20me2/3, 53BP1 accumulation at DSBs and Chk2 phosphorylation ([Figure 4a, 4c](#F4){ref-type="fig"}, [S5a--5d](#SD1){ref-type="supplementary-material"}). It is possible that S102A mutation affects MMSET methyltransferase activity and subsequent H4K20 methylation. However, we found that the activity of MMSET and MMSET-S102A toward histone H4 is comparable before and after IR, suggesting the above described defects caused by S102A mutation are not due to a decreased methyltransferase activity ([Figure S5e--f](#SD1){ref-type="supplementary-material"}).

Given that MDC1's BRCT domain is required for MDC1's binding to γH2AX at DNA damage sites, how does MDC1 use this same domain to recruit MMSET to DSBs? We found that MDC1 formed oligomers ([Figure S5g](#SD1){ref-type="supplementary-material"}) and DNA damage increased the oligomerization of MDC1 ([Figure S5h](#SD1){ref-type="supplementary-material"}). Therefore, it is likely that different molecules in the MDC1 multimers bind γH2AX and MMSET separately at the DNA damage sites. Finally, to examine how MMSET phosphorylation ultimately affects cellular sensitivity to DNA damage, we performed colony formation assays. Depletion of MMSET resulted in a significant increase in IR sensitivity ([Figure 4d](#F4){ref-type="fig"}), and reconstitution with MMSET-WT could reverse this effect, whereas MMSET-S102A could not.

In summary, our studies reveal a critical role of the methyltransferase MMSET in regulating the assembly of 53BP1 foci at DNA lesions ([Figure 4e](#F4){ref-type="fig"}). We show that H4K20 methylation, unlike the previously-held view, is induced at DSBs. We also establish a previously unrecognized link between the H2AX-MDC1 pathway and H4K20 methylation, and show that MMSET connects these two pathways. These results suggest that multiple myeloma tumors with t(4;14) translocation and MMSET dysregulation may have aberrant responses to DNA damage, which may be related to the poor prognosis observed in this subgroup of patients that are treated with DNA alkylating agents.

Methods Summary {#S1}
===============

Hela DR-GFP and MDA-MB-231 Ros8 cell lines were used for the ChIP assays which were subsequently analyzed by PCR or Q-PCR. Co-immunoprecipitation was used to detect a protein--protein interactions *in vivo* and SPR were used to detect the affinity for the protein and peptide interaction in vitro. Transient transfection of siRNA or stable downregulation by shRNA was used to decrease the level of specific proteins. Immunofluorescence staining was used to visualize protein accumulation and localization after DNA damage.
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![Induction of H4K20 methylation and recruitment of MMSET at DSBs\
**a and d,** Examples of ChIP analysis by PCR of indicated proteins on a DSB induced by I-SceI, where input demonstrates equal amount of DNA for ChIP**. b and e** Quantitative PCR (Q-PCR) of indicated ChIP samples, where the Y axis represents the relative enrichment of the indicated proteins compared to the IgG control (after normalized with a PCR internal control to a locus other than the DSB; ± s.e.m., *n=3*). **c** and f immunofluorescence (IF) staining of 293T cells after indicated treatments, then stained with indicated antibodies.](nihms251597f1){#F1}

![MMSET is required for H4K20me2/3 and 53BP1 accumulation at DSBs\
**a,** Quantitative PCR analysis of ChIP samples from HeLa-DR-GFP cells transfected with control or MMSET shRNA, where the Y axis represents the relative enrichment of the indicated proteins compared to the IgG control (± s.e.m., *n=3*). **b,** EtBr staining of ChIP samples from 2**a** analyzed by PCR, where input demonstrates equal loading of DNA for PCR. **c--d**, IF of HCT116 cells transfected with the indicated siRNA or shRNA, irradiated (5Gy), and stained with indicated antibodies. **e**, Phosphorylation of CHK1/2 in the cell lysates from **2c** analyzed by immunoblotting.](nihms251597f2){#F2}

![Recruitment of MMSET to DSBs requires the ATM-H2AX-MDC1 pathway\
**a,** ChIP analysis by PCR of indicated proteins at DSBs in HeLa-DR-GFP cells transfected with the indicated siRNA. Right panels: Western blots of H2AX and MDC1. **b**, Coimmunoprecipitation of MMSET and MDC1 in HeLa cells before or after IR. **c**, GST pull down assay of MMSET using indicated GST-fusion proteins. **d**, 293T cells treated and immunoprecipitated as indicated, then analyzed with anti-pSQ/TQ antibody. **e**, 293T cells transfected with the indicated constructs were treated as indicated, then immunoprecipitated and immunoblotted with indicated antibodies. **f,** the interaction between GST-MDC1-BRCT and indicated peptides were measured by BIAcore 3000.](nihms251597f3){#F3}

![Phosphorylation of MMSET is important for H4K20 methylation, 53BP1 recruitment and DNA damage response\
**a,** HeLa DR-GFP cells were transfected with the indicated constructs, H4K20 methylation and MMSET recruitment was analyzed by PCR of ChIP samples. **b--c,** HCT116 cells transfected with indicated constructs were irradiated, and 10 min later, stained with indicated antibodies. **d,** Radiation sensitivity of cells from Figure 4c was determined by colony formation (±s.e.m., n=3). **E,** Model demonstrating how the MDC1-MMSET pathway regulates DNA damage-induced histone H4 Lysine 20 methylation and 53BP1 foci formation.](nihms251597f4){#F4}
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